Many animals, including insects, are able to use celestial cues as a reference for spatial orientation and long-distance navigation [1] . In addition to direct sunlight, the chromatic gradient of the sky and its polarization pattern are suited to serve as orientation cues [2] [3] [4] [5] . Atmospheric scattering of sunlight causes a regular pattern of E vectors in the sky, which are arranged along concentric circles around the sun [5, 6] . Although certain insects rely predominantly on sky polarization for spatial orientation [7] , it has been argued that detection of celestial E vector orientation may not suffice to differentiate between solar and antisolar directions [8, 9] . We show here that polarization-sensitive (POL) neurons in the brain of the desert locust Schistocerca gregaria can overcome this ambiguity. Extracellular recordings from POL units in the central complex and lateral accessory lobes revealed E vector tunings arranged in concentric circles within large receptive fields, matching the sky polarization pattern at certain solar positions. Modeling of neuronal responses under an idealized sky polarization pattern (Rayleigh sky) suggests that these ''matched filter'' properties allow locusts to unambiguously determine the solar azimuth by relying solely on the sky polarization pattern for compass navigation.
Many animals, including insects, are able to use celestial cues as a reference for spatial orientation and long-distance navigation [1] . In addition to direct sunlight, the chromatic gradient of the sky and its polarization pattern are suited to serve as orientation cues [2] [3] [4] [5] . Atmospheric scattering of sunlight causes a regular pattern of E vectors in the sky, which are arranged along concentric circles around the sun [5, 6] . Although certain insects rely predominantly on sky polarization for spatial orientation [7] , it has been argued that detection of celestial E vector orientation may not suffice to differentiate between solar and antisolar directions [8, 9] . We show here that polarization-sensitive (POL) neurons in the brain of the desert locust Schistocerca gregaria can overcome this ambiguity. Extracellular recordings from POL units in the central complex and lateral accessory lobes revealed E vector tunings arranged in concentric circles within large receptive fields, matching the sky polarization pattern at certain solar positions. Modeling of neuronal responses under an idealized sky polarization pattern (Rayleigh sky) suggests that these ''matched filter'' properties allow locusts to unambiguously determine the solar azimuth by relying solely on the sky polarization pattern for compass navigation.
Results and Discussion
Atmospheric scattering causes a pattern of E vectors in the sky, which are arranged in concentric circles around the sun ( Figure 1A ) [5, 6] . Desert locusts are capable of perceiving linearly polarized light and may use it during navigation [12] . At each point in the sky, the plane of polarization is perpendicular to the direction of the sun ( Figure 1A ) [5] . Therefore, analyzing the mean E vector orientation across an area of blue sky should allow the animal to derive compass information, but it is not suited to distinguish between the solar and the antisolar hemispheres [3, 13] . Here we show how locusts may solve this ambiguity at the neuronal level solely based on polarization vision using a central matched filter approach. A peripheral retinal filter matched to the sky polarization pattern had been proposed earlier for honeybees and ants [14, 15] but was not substantiated by research on other species [16] . In locusts, the central complex ( Figure 1B ) has been suggested to extract compass information from the polarization pattern of the sky [4] . Central-complex neurons signaling sky compass directions might play a role in the control of body orientation relative to the sky polarization pattern and thus could directly support the animal's navigation. We recorded extracellularly from six POL units. All units responded with a sine-square-modulated spiking activity to a continuously changing E vector orientation that was generated using a rotating polarizer. The stimulus covered a visual angle of about 3.8
( Figure 1C ). The neuronal responses of the units strongly depended on the position of the stimulus in the visual field of the locust and revealed a systematic gradient in the distribution of preferred E vectors reflecting the E vector orientation in the sky for certain solar positions.
Recordings were obtained with wire electrodes in or near the central body (CB). The position of our recording electrodes suggests that three recordings were obtained in the lateral accessory lobe (LAL) and the other three in the lower division of the CB (CBL; Figure 1B ). On the basis of physiological properties, we assume that all recorded neurons were tangential neurons of the lower division of the central body (TL neurons) that provide input to the central complex. Four recordings showed low background frequencies of 1.3-12 impulses/s, typical for TL neurons [17] . Two recordings showed higher background firing rates (16.9 and 18.1 impulses/s), which rarely occurred in previous intracellular recordings [17] . Ocular dominance tests showed that those units (units 1 and 3) were sensitive to polarized light mediated only by one compound eye, a property only known for TL3 neurons [17] . In addition, TL neurons have the most extensive branching pattern of all POL neurons in that area and therefore will generate the largest currents. Consequently, we assume that all recordings were obtained from TL input neurons of the central complex.
All units were polarization sensitive within large receptive fields ( Figure 2 ). Stimulation with a rotating polarizer evoked sine-square modulation of neuronal activity showing maximum excitation at certain E vector orientations (F max ) and minimal activity at perpendicular E vector orientations (F min ; Figure 2A ). Stimuli were applied at 37 positions within the dorsal hemisphere around the animal. At each position, we applied at least one clockwise (Figure 2A ; 360 -0 ) and one counterclockwise (Figure 2A ; 0 -360 ) rotation of the polarizer. The preferred E vector orientation (F max ) for a given stimulus position was defined as the mean of the E vector angles at which spikes occurred, as described in [3] . In all recordings the mean F max orientations were arranged systematically, resembling the concentric circles of E vectors around the sun at certain solar positions (Figures 2B and 2C ; Figure S1 and Movies S1, S2, S3, and S4 available online).
Next we quantified the match between the E vector preferences of the neurons and the distribution of E vector orientations in sky polarization patterns. To this end, we compared F max values measured at the 37 positions with E vector orientations of a Rayleigh sky for a given solar position. We started at a solar elevation and azimuth of 0 and then shifted the Rayleigh pattern in steps of 10 over an azimuth range of 360 . At each step and for all 37 positions, we calculated the angular difference between the local E vector orientations and measured F max values. The same procedure was repeated for each elevation in 10 steps for a range from 0 -80 . To find the Rayleigh pattern that resulted in the least difference between local E vectors and measured F max values, we calculated the weighted sum of the local angular differences (see the Supplemental Experimental Procedures, Equations *Correspondence: homberg@biologie.uni-marburg.de [13] [14] [15] [16] . This value could theoretically range between 0 and 90 . In unit 1, shown in Figure 2A , the lowest mean difference angle was 11.75 and occurred at a solar position of 10 elevation and 0 azimuth, where the tuning properties of the neuron matched almost perfectly with a Rayleigh polarization pattern ( Figure 3B ). Plotting of the weighted sum of angular differences against the solar azimuth for low elevations (0 ) revealed a sine-square dependency with two identical minima and maxima differing by about 180 in solar azimuth ( Figures 3A  and S4 ). This is due to the symmetry of the polarization pattern when the sun is near the horizon. Under these conditions, distinction between solar and antisolar directions is not possible by polarization vision alone. With increasing solar elevation (10 -60 ), however, a difference between the two calculated minima emerged, because there is no symmetry Subsequently, polarized-light information passes the dorsal rim areas of the lamina (DRLa) and medulla (DRMe), the anterior lobe of the lobula (ALo), the lower unit of the anterior optic tubercle (AOTu), the lateral bulb (LB), and medial bulb (MB) near the lateral accessory lobe (LAL) and is, finally, processed in the central complex, consisting of the protocerebral bridge (PB) and the upper (CBU) and lower (CBL) divisions of the central body. Output neurons of the central complex transmit polarized-light information to descending neurons, which contribute to appropriate orientation behavior. La, lamina; Me, medulla. Scale bar, 200 mm. Modified from [11] . (C) Blue light (465 nm) provided by an LED was passed through a rotating polarizer allowing for stimulation with an E vector rotating through 360 in either clockwise and counterclockwise direction. The stimulus device was mounted on a perimeter and could be shifted in the left-right direction. In addition, the whole perimeter could be tilted in the anterior-posterior direction as indicated by the arrows, allowing for stimulation of the animal from any position in the upper hemisphere down to the horizon. The stimulus elevation of 90 corresponds to the zenith in the visual field. This experimental setup allowed us to study the local E vector preference within small patches (3.8 ) of the neurons' receptive fields at any position in the dorsal visual hemisphere of the animal.
in the polarization pattern between the solar and antisolar hemisphere anymore. As a consequence, the measured values matched better with the polarization pattern surrounding the sun than the pattern in the opposite direction ( Figure 3A) . At high elevations (70 -80 ), the shapes of the curves flatten. Close to the zenith, there is only little variability in the polarization pattern of the Rayleigh sky and, therefore, the difference angles of our measured values hardly vary.
Next we asked how the neuronal activity would appear under a Rayleigh polarization pattern. We therefore modeled neuronal activity as a function of solar azimuth and elevation to simulate spiking during rotation of the locust at different elevations of the sun ( Figure 3B ). As expected, the activity curves were largely inverted compared with the mean error curves in Figure 3A . At low elevations, the curves showed a symmetrical shape, with two minima and two maxima each differing by about 180 in azimuth, reflecting the symmetry of the polarization pattern at low solar elevations. At higher elevations, the neural activity at opposite azimuthal positions of the sun differed. This becomes visible in the different heights of the two maxima of the curves. At very high elevations, the curves begin to flatten similar as in Figure 3A , which is caused by the small variability of the polarization pattern when the sun circles at an elevation close to the zenith.
Thus, the neural activity of unit 1 mirrors roughly three situations of the polarization pattern in the Rayleigh sky. First, at low solar elevations, neural activity is equally high at two solar positions in opposite azimuthal directions. In this situation, it is not possible for the animal to discriminate between solar and antisolar azimuth on the basis of sky polarization. At dusk and dawn, the chromatic gradient is strongest and could help the locust to solve this ambiguity for setting a proper course. At medium-high elevations of 40 -50 , the peak neural activity at solar and antisolar azimuthal positions shows the largest ; azimuth, 60 . See also Figure S1 for an illustration of the results from four other units and Movies S1, S2, S3, and S4 for the receptive fields of units 1-3 and 5.
difference and allows discrimination between solar and antisolar position relying on polarization vision alone using a scanning approach. A 360 rotation of the animal around the vertical axis would make the activity of one neuron sufficient to determine the azimuth eliciting the highest neural activity and the second, lower maximum encoding the antisolar azimuthal direction. Because the tuning of different individual central-complex POL neurons covers a large range of E vector preference directions, it is, however, more likely that the activity levels of neurons from both brain hemispheres and neurons with differing tunings are compared to obtain an instantaneous reading of the solar azimuth. At high solar elevations (e.g., 80
) the neural activity is almost equally high at every solar position. The polarization pattern cannot facilitate targeted orientation in this case.
Modeling of the neuronal activities of units 2-6 revealed similar dependencies between solar elevation and neuronal responses. At low solar elevations, all curves show the characteristic symmetrical, sine-square shape as that described for unit 1 (Figure 4A ). At medium solar elevations, all curves have two maxima with different amplitudes. The largest differences between the two maxima are visible at elevations of 40 or 50
( Figure 4B ). Each recording has its maximum at a different azimuth, suggesting that a population code can unambiguously extract solar azimuth solely from the polarization pattern at any given orientation of the animal. With the sun near the zenith, all curves flatten and have only one maximum in a 360 azimuthal range ( Figure 4C ). The variability in the neuronal activity is low owing to the small changes in solar position at the near-zenith elevation of 80 . Interestingly, unit 2 ( Figure 2C ) still shows a relatively large modulation depending on solar azimuth despite the high solar elevation, with a clear maximum at 70 azimuth ( Figure 4C ). This recording, as well as unit 6 (Figure S1D) , shows that there are units in the locust brain that are suited to code for solar azimuth even at high solar elevations.
Conclusions
The results provide a novel hypothesis concerning how locusts and perhaps other insects might use the sky polarization pattern for menotactic orientation. We found that POL neurons of the central brain of locusts act as filters that are matched to the sky polarization pattern. In contrast to a peripheral retinal filter matched to the sky polarization pattern at dawn and dusk as proposed for honeybees [14, 15] , a central matched filter mechanism as suggested here would be adaptable to daytime-dependent changes in sky polarization patterns. The receptive fields of the neurons are extensive, integrating polarized light input from the whole celestial hemisphere. Owing to the asymmetry of the polarization pattern in the solar and antisolar hemisphere at medium solar elevations, their matched filter properties generate responses that collectively are suited to unambiguously code for solar azimuth based purely on polarized light information. The integration of additional celestial cues such as the chromatic gradient of the sky, as demonstrated in neurons of the anterior optic tubercle [3] , might further add to the robustness of the system. The properties of the POL neurons studied here are remarkably similar to those of large-field motion-sensitive cells in the lobula plate of flies [18, 19] . Those neurons show systematic differences in direction preference to local motion across their receptive field, which matches retinal image shifts generated by self-motion. In both cases, insects have evolved simple but sophisticated solutions to encode spatial sensory patterns in a way supporting specific behavioral requirements.
Experimental Procedures
Electrophysiology Extracellular recordings were performed on adult desert locusts (S. gregaria) of both sexes in their gregarious phase. Animals were raised either in laboratory colonies or in a greenhouse with clear view to the sky. Because no differences were observed in the neuronal responses, no distinction was drawn between the data obtained from both types of locust. Electrodes were manufactured as previously described [20, 21] and were electroplated using a gold plating solution (Neuralynx) containing polyethylene glycol (PEG) to lower the impedances down to w100 kU and increase the signal-to-noise ratio [22] . Before preparation, animals were immobilized by cooling at 4 C for 30 min. After removal of the legs, animals were waxed to a metal holder. The head capsule was opened frontally. Fat tissue, air sacks, and trachea above the brain were removed. So that desiccation could be prevented, the brain was covered with locust saline [23] . The neural sheath above the midbrain was removed with forceps (Dumont #5) to facilitate insertion of the electrodes. The brain was stabilized by a wire platform. Recordings were obtained from POL units of the CB or the adjacent LAL. When a POL response was observed, the head capsule was filled with KWIK-SIL (WPI) to fix the electrode in its position and prevent the brain from desiccation. Recorded signals were amplified (1, 0003) and filtered between 30 Hz and 1 kHz using an EXT-02F amplifier (npi Electronic). Recordings from units 1-5 lasted about 1 hr. Units 4 and 5 were recorded simultaneously in the same recording. The recording of unit 6 lasted for 24 hr.
Stimulation
Animals were stimulated with polarized blue light (465 nm; angular extent at the eye, 3.8 ; photon flux at the eye, 2.1 3 10 14 photons cm 22 s 21 ) from a light-emitting diode (ELJ-465-627, Roithner LaserTechnik). Light passed through a motor-driven polarizer (HN38S, Polaroid), which allowed rotation of the presented E vector through 360 in either direction at a velocity of 30 /s. The perimeter apparatus allowed stimulation from any point in the dorsal hemisphere ( Figure 1C ). Stimuli were applied from 37 positions. At each stimulus position, at least one full clockwise and counterclockwise revolution was presented. The complete stimulus program lasted about 40 min. In one recording (Figure 4, black curves) , the positions at the horizon, except for the ones directly left and right of the animal, could not be tested.
Data Evaluation
Recorded signals were sampled with a CED Power 1401 MKII (Cambridge Electronic Design) at 25 kHz and were stored on a PC using Spike2 (Cambridge Electronic Design). The recorded spike trains were first digitally filtered if necessary and were then evaluated using a Spike2 script. In one recording, in which the electrodes picked up the activity of two units, the spike-sorting function of Spike2 was applied (Supplemental Experimental Procedures). Spike times were detected by setting a threshold. The mean spiking frequency was displayed using a moving average (bin size, 2 s; Supplemental Experimental Procedures, Equations 1 and 2). Responses of the recorded units were analyzed by assigning every spike its corresponding E vector orientation during the 360 rotation of the polarizer. A unit was defined as polarization-sensitive if the distribution of these orientations differed significantly from randomness (Rayleigh test for axial data; p < 0.05). The resulting mean vector was defined as the preferred E vector orientation of the unit (F max value). The length of the mean vector r (Supplemental Experimental Procedures, Equations 3-5) was used to quantify the strength of the neuronal response to polarized light. , allowing the locust to differentiate between solar and antisolar azimuth of the sun. At elevations above 60 the difference between the maxima decreases again.
Model Calculations
We modeled neuronal activity as a sine-square function of E vector orientation [24, 25] . We then calculated a weighted mean from the 37 stimulus 
